The regular performance deterioration of P-type crystalline silicon solar modules and module strings caused by potential-induced degradation in a photovoltaic power plant was found in the field. The PID-affected solar modules dismounted from the photovoltaic power plant were further investigated systematically in the laboratory. For the first time, we found that the neutral point of voltage in a module string moved forward to the positive pole for a PID-affected module string as time goes on. Even if low positive voltage is applied to a PID-prone module, it could cause PID. The thermographic and electroluminescence (EL) images of a PID-affected module string also exhibit a regular degradation pattern. This is in good agreement with the measured power loss of the dismounted solar modules under standard test conditions. The results obtained in this paper show that the maximum power degradation rate of solar modules was as high as 53.26% after only one year of operation because of PID in the field. Due to the vast amount of solar modules and incomplete recovery, this is a terrible catastrophe for the owner of a power plant and module producer.
Introduction
The crystalline silicon solar module has been considered to possess high reliability over 25 years with about a 0.8% power degradation rate per year [1, 2] . However, in recent years, a catastrophic power degradation caused by potential-induced degradation (PID) has attracted considerable attention from power plant owners, module producers, and researchers. Some investigators thought that several module components, such as the front cover substrate, encapsulate, silicon nitride (SiNx:H) film, rain, and soiling are related with PID, and they suggested preventing PID on the level of solar cells and module manufacturing [3] [4] [5] [6] . But other authors think that the metal ions from the soda lime front cover glass are a key reason for PID. These sodium decorated stacking faults are identified as the primary cause of potential-induced degradation [7] [8] [9] [10] .
Up to now, there always exist some debates about the mechanism of PID, and there are also no effective measures to prevent PID. Yang et al. even reported the performance deterioration of substrings for PID-affected modules [11] . In this paper, the regular performance deterioration of Ptype crystalline silicon solar modules and module strings caused by potential-induced degradation in a photovoltaic power plant was found in the field. The PID-affected solar modules dismounted from the photovoltaic power plant were further investigated systematically in the laboratory. A detailed analysis on the PID that occurred in the 50 MWp crystalline silicon solar power plant is presented in this contribution. We find that the neutral point of voltage in a module string moved forward to the positive pole for a PID-affected module string as time goes on for the first time. Even if low positive voltage is applied to the PID-prone module, it could cause PID. The regular degradation patterns of the thermographic and electroluminescence (EL) images for the PID-affected module string were revealed. The electrical performance of PID-affected modules also shows that the power degradation rate of these solar modules is related with the position of module installation in a module string. The new findings obtained in this paper can help identify and uncover the mystery of PID.
Experiments and Methods
In this work, the PID-affected solar modules come from the 50 MWp crystalline silicon solar power plant located in China. Figure 1(a) shows the scene of the 50 MWp grid-connected power plant, and Figure 1(b) shows the circuit diagram of the subarray in the power plant. Figure 2 (a) shows a photograph of the PID-affected solar module, and Figure 2 (b) shows the circuit diagram of the solar module with 72 solar cells. In the photovoltaic power plant, the eighteen solar modules are interconnected serially into a module string which is grounded by the aluminum frame of every module. Every solar module consists of 72 pieces of P-type monocrystalline silicon solar cells connected in a series, respectively. The cells feature an unpassivated full-area screen-printed aluminium back surface field with dimensions of 125 × 125 mm 2 and 70 nm SiNx:H antireflective coating [12] . 
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In order to get stable results, we chose an~25°C ambient temperature, more than 800 W/m 2 solar irradiation, and 60% relative humidity as test conditions in the field. Thermographic images of the solar modules were obtained by a T420 infrared camera with a resolution of 320 × 240 pixels and a spectral range of 7.5-13 μm (FLIR Systems Inc., T420). The sunlight exposure dose was measured by a YFJ-10 solar irradiation meter. The operation temperature of the solar module was measured by a thermocouple. The solar modules, which are from the PID-affected module string, were dismounted and marked in sequence. The performance of the solar modules was measured by a solar simulator (PASAN Sunsim 3C) under standard test conditions (STC: 1 kW/m 2 irradiance, 25°C module temperature and AM1.5 global spectrum). The solar simulator was calibrated by the standard module. The electroluminescence (EL) images of the solar modules were measured by an EL measurement system in the laboratory.
Results and Discussion

The Potential and the Neutral Point Shift of Module
String. Figure 3 shows the maximum potential differences of the 18 modules from the same module string between the ground and cells of the solar module, which were measured in the field under an open circuit. The potential difference between the ground and cells depends on the number of solar modules, solar irradiation, and module temperature. Figure 3 (a) shows the measured results of the maximum potential differences of the 18 modules from the same module string soon after the grid for the power plant was finished. Figure 3 (b) shows the measured results of the maximum potential differences of the 18 modules from the same module string after one year of operation. From Figure 3 , we find that the potential difference between the ground and cells is negative from module 1 to module 9, and that the potential difference between the ground and cells is positive from module 10 to module 18 soon after the power plant was connected with the grid. After one year of operation, the neutral point of voltage in the module string moved forward to the positive pole. The potential difference between the ground and cells in module 9 evolved from the negative to positive. From module 9 to module 18, the closer the module gets to the negative pole of system, the more serious the degradation of open circuit voltage for module is [11] . Because of a transformerless inverter topology, the neutral point of the voltage in the module string moved forward to the positive pole when the aluminium frame of the solar modules is grounded. When the direction of the electric field of module 9 reverses after one year of operation, even if low positive voltage is applied to the PID-prone module, it could cause PID.
Comparing Figure 3 (a) with Figure 3(b) , the open circuit voltage of the module string becomes smaller for the same module string under nearly the same test conditions mentioned above. This is caused by PID of the module string. The negative potential versus the ground leads to an occurrence of PID.
The potential difference between the ground and cells creates an electric field on the surface of solar cells. Figure 4 (a) shows the electric fields of 18 modules from the same module string soon after grid connection, and Figure 4 (b) shows the electric fields of 18 modules after one year of operation.
From Figure 4 , we find that only the electric field produced by the positive potential difference between the ground and cells could drive the metal ions, such as sodium ions driven into the PN junction which has existing stacking faults. This leads to damage of the PN junction and reduction of the open circuit voltage. This conclusion agrees with [13] . Figure 5 shows the direction of the electric field between the ground and solar cells of modules from the same module string. Soon after the plant was grid-connected, the direction of the electric field is directed from the solar cells to the Al frame for module 1 to module 9, as shown in Figure 5 (a), while the direction of the electric field is reversed for module 10 to module 18, as shown in Figure 5 (b). After one year of operation, the direction of the electric field for module 1 to module 8 is directed from the solar cells to the Al frame, while the direction of the electric field for module 9 to module 18 is reversed because of PID. This shows that the direction of the electric field of module 9 reverses after one year of Based on the above analysis, we find that the positive potential difference between the ground and solar cells is a necessary condition for PID. To eliminate the electric field produced by the positive potential difference between the ground and cells is an effective measure to prevent PID.
Thermographic Images of Solar
Modules from the Same PID-Affected Module String. The thermographic images of the solar modules from the same PID-affected module string are displayed in Figure 6 . The photo was taken in the field under an ambient temperature of~20°C, global irradiation of~800 W/m 2 , and wind speed of~1 m/s. During image acquisition, the module strings were operated at maximum power point. The thermographic images of 18 solar modules had the highest temperature spot, where the junction box was built on the back. This is because the junction box affects the heat dissipation of the solar cells. From Figure 6 , the thermographic images from module 1 to module 9 exhibit a homogeneous temperature distribution. No solar cells have an elevated temperature from module 1 to module 9. It is seemingly suggested that the modules from 1 to 9 are PID- International Journal of Photoenergy free. This agrees with [14, 15] . Instead, there are some solar cells with an elevated temperature from module 10 to module 18. The closer a module is to the negative pole, the greater is the number of cells with an elevated temperature. The thermographic images of solar modules from the same PIDaffected module string in the field show a regular degradation pattern. This is different with the results obtained in the laboratory [16, 17] . An interesting finding is that the temperature of the solar cells adjacent to the Al frame is higher than the middle cells in a PID-affected solar module. This is because the electric field adjacent to the Al frame is more intensive than the middle area; that is, the solar cells adjacent to the Al frame suffer more severe PID. The shunt resistance of PID-affected cells decreases dramatically; consequently, the dark current of the cells increases remarkably under illumination. The performance of the solar cells adjacent to the Al frame is inferior to the middle cells for a PID-affected solar module. So, a smaller portion of the sunlight is converted to electrical energy. Thus, PID-affected cells exhibit a higher temperature than sound ones.
Electroluminescence Images of Solar Modules
Dismounted from the Same PID-Affected Module String. Figure 7 shows the electroluminescence images of solar modules dismounted from the same PID-affected module string in the power plant. The photos were taken indoors. From Figure 7 , we find that the cells from modules 1 to 9 have the same EL intensity. From module 10 to module 18, some solar cells adjacent to the Al frame appear dark in the EL images, while the middle cells appear bright in a PID-affected solar module. The closer a module is to the negative pole, the greater is the number of dark cells in a PID-affected module. The darker the appearance of the solar cell is, the more serious is the power degradation caused by PID. The EL images of the solar modules dismounted from the same PID-affected module string yield a regular degradation pattern. Comparing Figure 6 with Figure 7 , there is a good agreement between the electroluminescence images and the thermographic images, which exhibit a similar degradation pattern.
The Power Degradation of Solar Modules
Dismounted from the Same PID-Affected Module String in the Field. Figure 8 shows the I-V and P-V curves of solar modules dismounted from the same PID-affected module string under standard test conditions. Table 1 shows the electrical parameters of module 8 before shipments and after one year of operation. The electrical parameters of module 9 before shipments and after one year of operation are presented in Table 2 . From here, it can be observed that the power degradation rate is nearly the same from module 1 to module 8. Module 9 has a 2.5% power drop after one year of operation, and it is higher than that of module 8. This shows that the low positive potential difference between the ground and cells also leads to PID for a PID-prone solar module. This shows that the solar module slightly affected by PID could not be identified by the thermographic and electroluminescence images because of limitations in accuracy. The peak powers and open circuit voltages (Voc) of modules from 9 to 18 decrease remarkably in sequence. However, the short circuit currents of the PID-affected modules from the same module string have a slight change; this is consistent with some findings in the literature [18] . The closer a module is to the negative pole, the more serious is the power degradation of the PID-affected solar module. Table 3 shows the electrical parameters for module 18 before shipments and after one year of operation. From Table 3 , we found that the Voc of module 18 decreases from 45.01 V to 31.86 V, and the peak power of module 18 decreases from 196.95 W to 92.06 W, which was up to 53.26% power degradation after one year of operation. This shows that the potential-induced degradation leads to a catastrophic impact on the performance and energy yield of photovoltaic power plants.
Conclusions
This paper presents an investigation of PID-affected crystalline silicon solar modules from the field. For the first time, we find that low positive voltage could cause PID for PIDprone solar modules. For a PID-affected module string connected with the grid, the neutral point of voltage in a module string moved forward to the positive pole as time goes on. In a PID-affected photovoltaic power plant, the thermographic and electroluminescence images of the solar modules in a module string exhibit a regular degradation pattern simultaneously. This study also indicates that the power degradation rate of solar modules dismounted from the field is related with the position of the module installation in a module string. These new findings in this contribution can help identify and uncover the mystery of PID. The microanalysis of PID-affected cells dismounted from the field must be further 
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